We test different possibilities for the origin of short-period comets captured from the Oort Cloud. We use an efficient Monte Carlo simulation method that takes into account nongravitational forces, Galactic perturbations, observational selection effects, physical evolution and tidal splittings of comets. We confirm previous results and conclude that the Jupiter family comets cannot originate in the spherically distributed Oort Cloud, since there is no physically possible model of how these comets can be captured from the Oort Cloud flux and produce the observed inclination and Tisserand constant distributions. The extended model of the Oort Cloud predicted by the planetesimal theory consisting of a non-randomly distributed inner core and a classical Oort Cloud also cannot explain the observed distributions of Jupiter family comets. The number of comets captured from the outer region of the Solar system are too high compared with the observations if the inclination distribution of Jupiter family comets is matched with the observed distribution. It is very likely that the Halley-type comets are captured mainly from the classical Oort Cloud, since the distributions in inclination and Tisserand value can be fitted to the observed distributions with very high confidence. Also the expected number of comets is in agreement with the observations when physical evolution of the comets is included. However, the solution is not unique, and other more complicated models can also explain the observed properties of Halley-type comets. The existence of Jupiter family comets can be explained only if they are captured from the extended disc of comets with semimajor axes of the comets a , 5000 au. The original flattened distribution of comets is conserved as the cometary orbits evolve from the outer Solar system era to the observed region.
I N T R O D U C T I O N
Comets are traditionally divided into three classes. The long-period (LP) comets have an orbital period P . 200 yr and short-period (SP) comets are those with P , 200 yr. The short-period comets are further divided into Halley-type (HT) comets with 20 , P , 200 yr and Jupiter family (JF) comets with P , 20 yr. A dynamically more relevant distinction is based on the value of the Tisserand constant T which is calculated with respect to Jupiter (Kresák 1982; . This is the conserved Jacobi constant in the three-body problem, but also in the real Solar system it is typically constant over long periods of time (Bailey & Emel'yanenko 1996) . The unperturbed encounter velocity with respect to Jupiter, U ¼ ffiffiffiffiffiffiffiffiffiffiffiffi
, is a function of T and therefore the value of T is a physically more clearly defined classification criterion than the orbital period of the comet. The velocity U is related to the perturbation exerted by the planet on the motion of the comet. The limit 2 , T , 3 is another criterion for the definition of JF comets, while comets with T , 2 and P , 200 yr can be defined as HT comets. In this paper we have used the traditional classification, but in the results section we also consider the Tisserand values for the comets.
We have strong observational evidence that there is a constant flux of 'new' comets, originating from the Oort Cloud (Oort 1950) . The semimajor axes of these comets evolve from typically a orig . 3 £ 10 4 au either to hyperbolic orbits or to larger binding energies within a few orbits depending on the orbital evolution during the encounters with the planets. In this study we concentrate on steadystate models for the capture of SP comets (for details of the possible sources of SP comets, see Bailey 1992) . One of the longstanding problems has been how the Oort Cloud comets are captured into the inner Solar system from the Uranus -Neptune region. Among the main questions have been the capture rate of SP comets and whether these captures can explain the existing JF and HT comet populations (Everhart 1977; Duncan, Quinn & Tremaine 1988; Quinn, Tremaine & Duncan 1990; Fernández & Ip 1991; Levison & Duncan 1997; Emel'yanenko & Bailey 1998) .
Several authors have pointed out that if JF comets are captured from the Oort Cloud then the inclination and the Tisserand value distributions are not as observed (Duncan et al. 1988; Quinn et al. 1990; Fernández & Ip 1991; Wetherill 1991) . Also the calculated capture probabilities have been cited to be too low to explain the existing population size (Joss 1973; Fernández & Gallardo 1994) . However, if an extensive inner Oort Cloud is assumed (Stagg & Bailey 1989 ) the required number of captures may arise from the outer Solar system. Nevertheless, it is unclear if there is an overabundance of high-inclination orbits among the comets captured from the outer region. Also the influence of the nonspherically distributed part of the inner Oort Cloud (Duncan et al. 1987) on the capture of SP comets has not been investigated. Another prevailing problem has been to explain the number of HT comets in the simulations as compared with the observations (see a review by Bailey, Clube & Napier 1990) . Emel'yanenko & Bailey (1998) concluded that the number of HT comets arising from the Oort Cloud is hundreds of times greater than the existing population unless certain physical evolutionary effects and observational effects are taken into account. Recent studies have shown that it is very likely that HT comets originate in the Oort Cloud, possibly including the inner Oort Cloud (Stagg & Bailey 1989; Emel'yanenko & Bailey 1998; Levison, Dones & Duncan 2001) . A possible solution for the origin of JF comets is that they come from another source than the HT comets (Fernández 1985; Duncan et al. 1988; Quinn et al. 1990; Fernández & Ip 1991) . In the orbital integrations carried out by Levison & Duncan (1997) it was shown that comets may evolve to orbits similar to JF comets starting from the Neptune-encountering orbits of the Kuiper Belt (Kuiper 1951) . From the comets that have q , 2:5 au at the end of the simulation 99.7 per cent become JF comets. Even if the Kuiper Belt is the main source of JF comets, it is still interesting to know what fraction of JF comets are captured from the Oort Cloud and to search for those comets from the existing JF population.
There are several methods used in the studies of long-term evolution of cometary orbits. The best statistics can be achieved by using the Monte Carlo (MC) methods, but possible errors of these methods can be difficult to estimate. Therefore the MC method used in this article (Valtonen et al. 1998 ) has been carefully checked to give correct capture probabilities and dynamical lifetimes (Nurmi 2001) . The comparison of the MC method with the direct orbit integrations revealed that in the MC simulation the capture probability is typically overestimated. The dynamical lifetime of the comets is also generally larger than in the orbit integrations. The necessary corrections have been made to bring the present code in agreement with orbit integrations over the timespans where the latter are possible.
M E T H O D

Main part
The basic ideas of our MC method have been presented in previous papers (Valtonen et al. 1998; Nurmi 2001) , and some preliminary results have also been published Zheng et al. 1996a,b; Nurmi et al. 1997) . The method has two basic assumptions that are the same as in Arnold (1965) . First, the angular positions of the perihelion and node are considered to be random from one planet -comet encounter to the next. This means that the time between close encounters is long compared with the secular motion of the perihelion of the comet. Secondly, we are assuming that secular variations will not substantially change the proper elements i, a and q of the comet orbit between the encounters. The orbit is changed in a close encounter with one of the outer planets, and new parameters of the orbit are derived from the previously calculated distributions (Valtonen, Zheng & Mikkola 1992; Zheng 1994) . The method used in this article was presented by Nurmi (2001) , where the required correction factors for the capture probability and the dynamical lifetime were calculated. Here we assume that the derived corrections are valid also in much longer calculations that were possible by using orbit integrations. For the time-spans over which we can check, the evolution of the orbit in the MC method is qualitatively similar to the real integration of the orbit.
Comets also evolve under the potential galactic tidal field and are affected by non-gravitational forces. These two types of forces have a considerable influence on the orbital evolution of comets, affecting the orbital evolution of perihelion distance and the evolution of orbital energy, respectively. Also, comets may split in a close encounter with a planet or the Sun. This process can increase or decrease the number of comets in the observed comet populations. In this work we include these effects in the simulations.
Galactic disc tidal forces
In the studies by Hills (1981) and Fernández (1985) the conclusion was that the main perturbers of the Oort Cloud comets are passing stars and giant molecular clouds. Their gravitational influence may shift cometary perihelia from the outer Solar system to the observable region, and vice versa. Later it was shown that also the galactic potential causes perturbations to comets and is actually the main reason for the steady-state flux of comets with a . 20 000 au (Heisler & Tremaine 1986; Matese & Whitman 1989) . These studies assume that the galactic disc tidal force dominates over the galactic radial tidal field component. The accurate modelling of the cometary motion should also include the core potential (Matese & Whitmire 1996) , but for our purposes the disc tidal field is sufficient.
The galactic z-component of the tidal field very efficiently changes the perihelion distances inwards and outwards when the semi-major axis of the comets a is large. We have modelled this evolution using the equations derived by Matese & Whitman (1989) . The nominal period of the solar oscillation about the galactic mid-plane T z ¼ 2p=V z is 62 Myr. For a detailed presentation and derivation of the formulae, see Matese & Whitman (1989) . In our study we do not consider the possible time variation in the flux of 'new' comets since we are interested in the average evolution over the history of the Solar system.
Non-gravitational forces
The non-gravitational forces may have an influence on the capture probabilities of comets (Emel'yanenko & Bailey 1998) , and thus it is important to take them into account at least approximately. The time derivative of the orbital energy caused by the nongravitational force can be calculated using two main force components:
where Here n is the true anomaly. In a secular evolution the radial component cancels out and only the S component is important in the long-term evolution. A change in energy (1/a) in one revolution can be calculated by the following expression (Marsden, Sekanina & Yeomans 1973) :
As D(1/a) is influenced by a only slightly, we have used a ¼ 1000 au in our simulations. The error in D(1/a) is a function of q and is larger for large q (for a ¼ 10 au the error at q ¼ 3 au is 9 per cent, but at q ¼ 0:3 au the error is 1 per cent). The correct distribution for A 2 is not obvious. In the catalogue of cometary orbits (Marsden & Williams 1999 are typically higher than listed in the catalogue. In our simulations we keep A 2 constant during the evolution, which is true in some cases (P/Halley), but large variations have also been detected (D/Encke).
Tidal splittings
During the history of astronomical observations, comets have been seen to split on several occasions (Sekanina 1997) . Recently, the most studied event was the tidal disruption of the comet D/Shoemaker -Levy 9. Chen & Jewitt (1994) estimated that the cometary splitting rate is , 0.01 per year per comet. It is not clear what is the importance of these events in the long-term evolution of comets. The minor splittings have appeared to happen almost randomly along the orbital phase and the probability appears to be equal in LP and SP comets. As a result of the splitting, a minor fragment is usually released from the parent nucleus and obviously the effect is destructive to the cometary population. However, sometimes the comet can split into two or more almost equal-size fragments which all show the typical behaviour of comets (Sekanina 1982) . The best example of this is the Kreutz family of sungrazers which may have arisen as a consequence of a large comet splitting near the Sun (Marsden 1989) . We also have to differentiate between tidally and non-tidally disrupted comets. Sekanina (1997) lists three comets that have been split tidally by the Sun (Great September Comet, Pereyra and Ikeya-Seki), and two have been split by Jupiter (16P/Brooks 2 and D/ShoemakerLevy 9).
As tidal splittings are most likely to produce equal-size longlasting comets, we have used the hierarchical splitting model which was used in the splitting sequence of D/Shoemaker -Levy 9 by Asphaug & Benz (1996) . As a consequence of hierarchical splittings, the number of bodies after the encounter is 2 n , where n is the number of splittings. In this study we include splittings both close to the Sun and close to the planets. In the splittings close to the Sun we ignore the thermal stress of comets which can make comets split even more easily, but is very complicated to model.
In order to apply the hierarchical splitting model, we need to know the minimum distance d occurring during the close encounter between the comet and the parent body. This can be obtained using Ö pik's equations describing the two-body encounter geometry when we know the orbital parameters before the encounter a 1 , e 1 and i 1 and after the encounter a 2 , e 2 and i 2 (Ö pik 1976; Carusi, Valsecchi & Greenberg 1990) .
We have tested the number of close encounters in our Monte Carlo method against the results obtained by the direct integrations made by Kary & Dones (1996) . They studied the number of close encounters between Jupiter and a hypothetical population of JF comets. They found that 1801 out of 49 000 comets had an encounter closer than 2.4R j (R j is the radius of the Jupiter) with Jupiter in , 10 5 yr. We fixed the number of close encounters in our method to agree with the results obtained by Kary & Dones (1996) .
To investigate the splitting we have to consider the properties of the comets in more detail. We need to derive the radius of the comet from its absolute magnitude H 10 . Weissman (1990) estimated that the mass of the comet may be connected to the absolute magnitude by the equation log m c ¼ 20:0 2 0:4H 10 , where m c is in units of grams and the assumed averaged density of the comet is 0.6 g cm 23 . If we assume that the comet is a sphere, then its radius r / ð10 c1þc2H10 Þ 1=3 , where c 1 and c 2 are constants. The values of density and critical stress s c of typical comets are very uncertain. The tidal disruptions of comets 16P/Brooks 2 and D/Shoemaker -Levy 9 have shown that the tensile strength s c can be extremely low, 65 dyn cm 22 (Sekanina & Yeomans 1985; Asphaug & Benz 1996) , but the upper limit may be even 10 5 dyn cm 22 (Sekanina 1982) . The density of comets has been estimated as between 0.2 and 1.0 g cm 23 .
Physical evolution
One of the most important parameters in describing the physical evolution of a comet is the total active lifetime. The direct integrations of existing JF comets were used to determine the active lifetime of JF comets to be 300q 1/2 (q in au) revolutions or ,3000 yr (Kresák 1985 (Kresák , 1987 . Later studies have shown that this may be twice as large, , 7000 yr (Kresák 1994) . Similar studies for the HT comets do not exist because of the low number of apparitions that we have observed for HT comets (except for P/Halley). However, the average dynamical lifetime has been estimated to be 0:3-0:5 £ 10 6 yr (Bailey & Emel'yanenko 1996; Emel'yanenko & Bailey 1998) . We have assumed that the physical properties of all the comets are equal and so their physical evolution is similar.
The physical evolution can also consist of periods of active and inactive stages (Rickman 1992) . For example, the observed comets P/Machholtz and P/Takamizawa have shown that the physical evolution may consist of active phases followed by dormant temporary extinction. The dormant stages in the evolution of comets may be related to subsequent mantle growth on the surface of the comets. This is followed by mantle blow-off and rejuvenation. The mantle blow-off can be connected to the decrease in perihelion distance Dq B as the thermal stress increases inside the comet (Rickman, Fernández & Gustafson 1990 ). This process can increase the active lifetime considerably.
In our simulations we have used three different models for the physical evolution of the comets. In the first model we have set the number of revolutions for which comets survive to be proportional to N max q b , where N max is the maximum number of orbits at the distance q lim , which in our simulations has been 4 au. This was chosen to be high because we take the observational selection effects into account and so we can compare our results directly with the observed distributions of comets. The constant b is the fading power-law index and is chosen to be 0.5, and N max is 500 orbits. Thus the maximum number of orbits at 1 au is 250 with the adopted values of b and N max . These values are in good agreement with the results obtained by . The best fit with the observations for HT comets was obtained using the adopted values for b and N max . We have also run simulations using other values to study how the results depend on these parameters.
Another scenario simulates the periods of active and inactive stages. This model consists of two parameters, Dq B and N mantle . The former is the required minimum decrease in perihelion distance to rejuvenate the comet, and the latter is the number of active orbits before the period of dormancy begins.
The last model is based on the study by Wiegert & Tremaine (1999) . They found that, to match the energy distribution of the observed LP comets with the observations, an extremely fast fading of comets had to be assumed. According to their model, 95 per cent of the comets survive only six orbits and the rest survive indefinitely. In the simulations we have fixed the number of revolutions for these remaining 5 per cent of the comets also to be 10 4 or 10 3 orbits.
Observational selection effects
Another important factor is how the observational selection effects influence the observed distributions of comets. This is especially important when simulation results and real data are compared with each other. Everhart (1967) studied the intrinsic distributions of perihelia and magnitudes of LP comets. He calculated the discovery probability G(q, H 10 ) of these comets as a function of perihelion distance and absolute magnitude of the comet, but averaged over other elements. We have applied the same discovery probability function to SP comets also. It is obvious that the discovery probability also depends on the number of revolutions over which it has been possible to detect the comet. For the HT comets we can assume that the probability function should be close to the distribution for LP comets, since half of the HT comets have been observed only once. However, in our simulations without any corrections we should get too few JF comets at higher perihelion distances. For the JF comets the LP comet probability distribution may be corrected by calculating the total detection probability in a number of orbits n as G JF ðq; H 10 Þ ¼ {1 2 ½1 2 Gðq; H 10 Þ n }: The average revolution number of JF comets is , 6 according to the Marsden & Williams (1999) catalogue.
We also have to assume an intrinsic distribution for the absolute magnitudes H 10 . Hughes (1987 Hughes ( , 1988 calculated the cumulative number distributions of comets brighter than H 10 for different comet families. He found that the linear part of the distribution, where the number of comets can be considered complete, can be presented using the equation log N c ¼ c 3 þ c 4 H 10 , where c 3 and c 4 are constants. Hence the number of comets that have absolute magnitudes smaller than H 10 is N c / c H10 5 . Hughes found that, for the LP comets and for comets with P , 15 yr, c 5 ¼ 2^0:2, but for the intermediate-period comets ð15 yr , P , 200 yrÞ the distribution is different. We consider that this difference is due to poor statistics and that the real distributions are similar for both HT and JF comets.
The true value of c 5 may still be different from the observed one, since the detection of comets is more difficult at high perihelion distances and the faint comets are therefore underestimated. From the results by Kresák & Kresáková (1989) it can be estimated that the intrinsic value for c 5 is 2.5, which we have used in our simulations. The absolute magnitude H 10 is chosen to be between the values 2 and 7 at the beginning of the simulation. The observed H 10 of HT comets should be close to completeness within these limits. Also the flux of 'new' comets is more accurate for comets with H 10 , 7 than the flux with fainter comets included. However, some simulations were also done by choosing H 10 between the values 2 and 10.5.
There have been only a few studies of the gradual fading of H 10 for comets. Hughes & Daniels (1983) found that the change in the H 10 values for successive orbits is very small, 0.002 per revolution. They claimed that the comet should lose , 75 per cent of its mass if the magnitude H 10 increases by one unit. A fading rate 10 times higher was obtained by Kresák & Kresáková (1990) . Since the actual fading rate (or distribution) is poorly known, we decided to keep H 10 for the particular comet constant during the whole lifetime, and our numbers of captured comets may therefore be slightly overestimated.
Initial conditions
In their simulations, Duncan et al. (1987) studied the formation of the Oort Cloud assuming that the unaccreted planetesimals were scattered first to semimajor axes of a few thousand astronomical units. The galactic potential and stellar encounters quickly remove particles from the inner region of the Oort Cloud to the outside of the Solar system. Duncan et al. found that the density of objects between 3000 and 50 000 au in the Oort Cloud should be proportional to 1/r 3:5^0:5 from which it follows that the number of comets N in the range from a to ða þ daÞ is dN / 1/a a da, where a ¼ 1:5^0:5. In the simulations we have used an a value of 0.5, 1.5 or 2. This implies that there should exist an extensive inner core of comets from 3000 au to the classical Oort Cloud limit of 30 000 au, which is approximately five times more massive than the classical Oort Cloud. However, the steady-state flux of in situ comets cannot come from the inner part uniformly in perihelion distance, since the planetary perturbations move comets efficiently from q values less than q lc . 15 au either into hyperbolic orbits or into orbits that are more tightly bound to the Solar system (Hills 1981) . In the steady-state situation, new comets come uniformly to the perihelion distances q # q lc when a . 30 000 au, while comets having q . q lc come also from the inner region. The inner Oort Cloud is further divided into flattened and spherically symmetric parts. At the end of the simulation, made by Duncan et al. (1987) , the inner Oort Cloud still shows some concentration on lowinclination orbits after 4:5 £ 10 9 yr for comets with 1000 , a , 5000 au: The mean value of the cosine inclination distribution changes from , 0.8 to zero within the respective limits. Also, the standard planetesimal theory of the formation of comets in the protoplanetary disc predicts an extended and flattened model of the inner part of the Oort Cloud (Fernández 1985; Fernández & Ip 1991) . The distribution for a , 2000 au is uncertain because Duncan et al. (1987) started their simulations with initial semimajor axes a ¼ 2000 au.
In our simulations we have used three models for the initial a distributions of the comets. In the first model we have only the outer Oort Cloud with 30 000 , a , 100 000 au. The perihelion distance distribution for the new comets is uniform up to 31 au. In the second model we include the inner core, and the number of comets therefore increases with q. In this model the inner part consists of the flattened part from a min to 5000 au and the randomly distributed part which extends from a ¼ 5000 to 30 000 au, where Tables 1 and  2 for details).
a min is either 1000 or 3000 au. The last model of the source region is to consider only the extended disc of comets which is concentrated on the ecliptic plane (Fernández 1985; Bailey 1992 ). This disc is much farther away than the Kuiper Belt. The comets in the extended disc can be partly scattered disc comets the existence of which is supported by the dynamical simulation of the long-term evolution of Kuiper Belt objects made by Levison & Duncan (1997) . The semimajor axis of the comet in this region is a , 5000 au and the inclination i , 108. The orbits of comets in this region have not been randomized by the passing stars during the age of the Solar system. The comets in this hypothetical region enter the Uranus -Neptune region at some rate. We calculate the necessary flux of these comets needed to produce the observed distribution of JF comets.
S I M U L AT I O N S A N D R E S U LT S
In all of our simulations we have assumed that the inclination distribution of the outer Oort Cloud of comets is isotropic (uniform in cos i). The original number of comets in the simulations is always more than 10 6 , and typically the number of comets in the captured families is of the order of 10 3 . This guarantees that the statistical fluctuations are not important in the distributions. We have investigated the effects of the physical evolution and the initial conditions on the distributions of inclination i, perihelion distance q and Tisserand value T of the captured comets. Also the initial perihelion distances q 0 of the captured comets have been recorded. These distributions have been compared with the observed distributions which include the JF and HT comets in the catalogue of cometary orbits (Marsden & Williams 1999) .
Orbital parameter distributions of captured SP comets
In Figs 1 -7 are shown the main results of seven simulation runs using different initial conditions and physical evolution factors that influence the evolution of comets (see Table 2 for the models). In Table 1 are listed the required values to estimate the numbers of comets in cometary populations obtained by the simulation runs (see also 3.2). The denoted capture probabilities include the weight factors arising from the observability, tidal splittings and the physical evolution of comets. In Table 2 are shown numbers for HT and JF comets, the median values for the inclination distributions and the models used in the calculations.
In the first simulation the initial semi-major axis of the comet is a 0 ¼ 30 000 au and we consider only planetary perturbations (run 1, Fig. 1 ). Panels (a) -(d) of Fig. 1 show the distributions of captured HT comets and panels (e) -(h) show JF comet distributions. The fading law has b ¼ 0:5 and N max ¼ 500. The median values for the inclination distributions are 0.82 and 0.56 for the JF and HT comets, respectively. These can be compared with the following observed values. We estimate that the median value of cos i for JF comets should be in the interval [0.99, 0.97] within 2s error limits, and for HT comets the corresponding interval is [0.85, 0.14]. The HT distributions of inclination and Tisserand value are very close to the observed distributions, but the JF distributions differ from the observed distributions considerably. Roughly half of the simulated JF comets are outside the observed range of inclinations and Tisserand values. Also , 7 per cent of the JF comets are in retrograde orbits, which disagrees with observations. It is evident that q distributions do not match the observations, but this is because we have not included the observational selection effects. The HT comets come mainly from low q 0 , 5 au values, but JF comets come from the regions of both Jupiter and Saturn. The influence of Jupiter is several times higher than those of the other outer planets in the capture process of Oort Cloud comets, as expected.
If the observational selection effects, Galactic tidal forces, nongravitational forces and tidal splittings of comets are included (simulation No. 2), the distribution in q for HT comets is very similar to observations (Fig. 2a) . The capture of HT comets is even more clearly concentrated on small perihelion distances with q , 3 au than in the previous simulation (Fig. 2b) . The capture probability of the HT comets is 10 times smaller and the expected numbers of HT comets agree with the observations. The capture probabilities for the JF comets are 1:8 £ 10 24 and 8:0 £ 10 25 in the first and the second simulation, respectively. The ratio between the expected numbers of HT and JF comets changes from 38 to 9. If we choose H 10 from the values between 2 and 10.5, the capture probabilities are one order of magnitude smaller for the HT comets Figure 2 . The q and q 0 distributions of captured HT comets. The fit of the q distribution with the observations is very good. Note the high number of captures from low-q orbits (run 2, see Tables 1 and 2 for details). and five times smaller for the JF comets. However, the expected numbers of comets in the cometary populations are a factor of 2 higher for the HT comets and a factor of 5 higher for the JF comets. This can be understood because the real distribution for the HT comets increases with q (Fig. 1b) , but the observation probability decreases rapidly as H 10 is higher and the perihelion distance is large.
In the third simulation we add the spherically symmetrical inner Oort Cloud. The new a distribution increases the number of captured comets considerably, since the flux of comets to the outer Solar system region is 10 3 times higher than to the observed region when a ¼ 1:5 and the lower limit for the inner Oort Cloud is 3000 au. This model is similar to the one that was obtained by Duncan et al. (1988) comets is approximately 100 times higher than observed. The fraction of high-inclination comets in the captured JF and HT families is higher than in the simulations that were made without the inner core, and a notable retrograde JF population emerges (Figs 3a and c) . As the Oort Cloud flux of comets is much higher in the outer region, most captured comes originate in this region (Figs  3b and d) . In both cases the distributions in i and T differ clearly from the observed distributions.
In simulation run 4 we have changed a to 2.0 and the lower limit for the inner Oort Cloud to 1000 au; also we have used the extended model (non-spherically symmetric) for the inner Oort Cloud. The distributions for JF comets are now closer to the observed distributions, but still the discrepancy is evident (Fig. 4c) . The HT distributions in i and T are different from the observed distributions. There is clearly an overabundance of comets having inclinations close to 908 and a lack of comets in retrograde orbits (Fig. 4a) . Capture rates are much larger than in the previous simulations. The main problem in this simulation is that the predicted flux to the outer Solar system is 1:5 £ 10 5 times higher than in the observed region if the equations shown in Section 3.2 are used. However, in the derivation of the equations it has been assumed that there is a symmetrical distribution in inclination and fully randomized orbits that is not the case in this model. Hence the flux of comets should be smaller than the above estimation gives, but still it is very unlikely that the difference is of the order of 10 4 which is required in order that numbers agree with observations. For both HT and JF comets, capture occurs primarily from the outer part of the Solar system because of the much higher flux of 'new' comets (Figs 4b and d) .
Simulations 3 and 4 suggest that JF comets cannot originate in the inner region of the Oort Cloud. The numbers of captured comets are too high if the inclination and Tisserand value distributions are made to agree with observations. According to our simulations the JF inclination distribution would match the observations only if a . 2 and a min < 1000 au. We also conclude that if the inner Oort Cloud exists then a must be smaller than 1.5 or the lower limit for the inner Oort Cloud must be larger than 3000 au. Otherwise the number of observed SP comets would be much higher than observed. A test run using a model with a ¼ 0:5 and a min ¼ 5000 au, but otherwise the same as in the second simulation, shows that the distributions still agree with observations, but the number of comets is still slightly too high and therefore to obtain the observed number of comets the fading parameter b should be , 1.0 or N max < 100.
In the fifth simulation we consider the capture of comets from the low-inclination i , 108 and a ¼ 1000 au orbits entering the outer region of the Solar system with q , 15 au. We have also changed the absolute magnitude limit to 10.5 to make more reliable comparisons with the observed number of JF comets. The original low-inclination distribution of LP comets remains flattened after the comets are captured to visible SP comets. The final inclination distribution of the JF comets is very similar to the observed JF comets, although there are too many comets around 308 -608 (Fig.  5b) . Also the HT inclination distribution contains too many lowinclination comets compared with observations (Fig. 5a) . The expected numbers of comets are the same for both JF and HT comets. The observed number of JF comets is ,50 with H 10 , 10:5 when the flux of comets is , 30 comets per year per au. To study the difference between the capture probabilities of HT and JF comets, we varied the original semi-major axis between 5000 and Tables 1 and  2 for details). 50 au. In Fig. 6 is shown the number of captured HT comets divided by the number of JF comets as a function of the initial semi-major axis. In all cases the initial perihelion distance is uniformly distributed between 15 and 31 au. As expected, there are more JF comets captured from the smaller semi-major axes than there are HT comets. A simulation run using initial conditions for comets similar to those of comets arriving directly from the Kuiper Belt ða 0 ¼ 50 au, q 0 ¼ 25 -31 auÞ gives the same kind of distributions for the captured comets as in the previous case. The difference between the simulations is that the capture rate of JF comets is higher than in the previous simulations.
The fading model proposed by Wiegert & Tremaine (1999) was used in the final simulations. In the first model 95 per cent of the comets survive six orbits and the rest can orbit 10 000 revolutions before they are physically disrupted (run 6). The latter limit is needed in order to produce the observed number of HT comets, since the physical lifetime must be very high for the remaining comets. However, the obtained inclination distribution for HT comets differs clearly from the observed distribution, since there are too many comets in retrograde orbits (Fig. 7a) . The capture occurs rather uniformly over the whole capture region (Fig. 7b) . If we limit the number of revolutions for the 5 per cent of the comets to 1000 orbits (run 7), then the inclination distribution is correct, but the numbers disagree with observations. Therefore, if the fading model of Wiegert & Tremaine (1999) is used, then there must be an additional source of comets that increases the numbers. This can be an extended disc or the inner Oort Cloud and then the maximum number of revolutions should be between 10 3 and 10 4 . Similar results were also obtained by Levison et al. (2001) . However, it is not clear how the results of Wiegert & Tremaine (1999) would change if an inner Oort Cloud were added to their simulations, and therefore the obtained fading law could be different.
In addition to the previous simulation runs, we have also made several other runs to study more generally how the different factors in the MC method influence the results. Tidal splitting was found to increase the number of comets typically only by a few per cent. In the simulations we have generally assumed that comets are divided uniformly into strong and weak comets. Only if the comets are typically similar to Shoemaker -Levy 9, do the splitting events Table 2 . The expected numbers of JF and HT comets and median values for cos i in the inclination distributions in different simulation runs, as well as parameters of the models used in the simulations. Tables 1 and 2 for details). become noticeable in the captured comet populations. In this case the number of JF comets increases by a factor of 3 but the HT population remains the same. However, if all comets were very weak, we would see more cases where the proper elements of comets are concentrated to the same values, since very weak objects split easily into several individual pieces. Most comets were found to split by the Sun or Jupiter, but splitting close to Saturn or Uranus was also common. Since the influence of tidal splittings on the capture of JF comets was small when realistic values for the tensile strength were used, we may conclude that tidal splittings of comets cannot be the answer to the high number of observed JF comets. The effect of non-gravitational forces was found to be statistically very weak. Our results differ from the results by Emel'yanenko & Bailey (1998) , who found that the capture probabilities are remarkably larger when A 2 is typically large. In our method only close encounters are taken into account and slowly acting non-gravitational forces have only a small effect, since in our method the dynamical evolution is dominated by large energy changes occurring during close encounters. Although in principle the influence of non-gravitational force on the individual orbits can be very large, especially if the A 2 factor is large and the perihelion distance is small, the capture probabilities were not changed significantly. Also the distributions obtained were not changed by the non-gravitational force.
The galactic tidal force increases the number of HT comets in retrograde orbits but the influence on the JF distributions is negligible. The HT comet capture probability is increased by 30 per cent when a uniform q distribution is considered. The most notable influences on the distributions and capture probabilities are the adopted values for N orb and b. If b is 1.5 instead of 0.5 the number of comets decreases by 30 per cent, but the shape of the inclination distributions does not change. However, there is a notable difference in the HT q distribution which is much flatter than the observed distribution. The best fit with the observations and with the distributions of captured HT comets was obtained using b ¼ 0:5 and N orb ¼ 500. If N orb is 10 times smaller than this, then the distributions still agree rather well. Only the expected number of captured comets is one order of magnitude smaller, since the physical lifetime is smaller. If the physical evolution of comets is not continuous, but is divided into active and inactive phases, the results change considerably. In our model the comet remains active for 20 orbits before becoming dormant ðN mantle ¼ 20Þ: As the comet experiences a decrease in perihelion distance Dq B greater that 0.5 au, it becomes active again. The comets in this case are more scattered in the inclination distributions and there are too many comets in retrograde orbits among the SP comets. The inclination distributions resemble that in the simulation run 6, but the number of HT comets is the same as observed.
If the extended disc or Kuiper Belt is another source of comets then the results in simulation run 2 should be combined with the results in the fifth simulation, since the flux of 'new' comets from the classical Oort Cloud in the observed region is known and we cannot ignore that. By comparing the expected numbers of comets from the simulations with the observed values we conclude that most JF comets should originate in the extended disc of comets, and during the capture process some HT comets are also always captured. The fraction of captured HT comets compared with JF comets can be much smaller depending on the a distribution in the extended disc, since, for example, from the Kuiper Belt only a few per cent of the comets are captured to orbits similar to HT comets. These estimations are based on the best known values of the parameters in the simulations and on the assumed flux of 'new' comets from the extended disc or Kuiper Belt. As there are many uncertain factors related to this possibility for the origin of JF comets, the analysis is not exact and more data on the flux of 'new' comets in the outer region of the Solar system and the H 10 values of comets are needed.
The number of captured comets
The number of comets in the current comet population N can be calculated using the following equation if we assume a steady state flux of comets entering the planetary region.
where L pop is an average physical lifetime of the comets in the population, and F OC is the Oort Cloud flux of 'new' comets per year to the q-range between 0 and q max . The total capture probability of comets is P tot ¼ Ð qmax 0 Ð 180 0 pðq; iÞ dq di, where p(q, i) is the probability of capturing a comet belonging to a certain population from certain initial values q and i for the comet. The average physical lifetime is calculated from the simulations and it changes depending on the fading parameters.
In equation (3) the only parameter that is not calculated during the simulation is F OC , which is not known very well especially for large perihelion distances q . 3 au. Bailey & Stagg (1988) estimated that the flux of Earth-crossing long-period comets is 1:0^0:2 yr 21 au 21 with H 10 , 7. As the number of 'new' comets among the long-period comets is one-third of all the long-period comets, then F OC ¼ 0:27 -0:4 yr 21 au 21 with H 10 , 7 (Rickman 1992) . If the q-distribution of 'new' comets is uniform in the interval 0 , q , 31 then the total flux of these comets is 8:4-12:4 comets per year with H 10 , 7. This estimation is used throughout the paper. An approximately factor of 10 times smaller flux of 'new' comets was obtained by Fernández & Ip (1991) who estimated that just one-sixth are 'new' comets. They concluded that the rate of passage of new comets is < 0.5 yr 21 au 21 for comets with H 10 , 10:5. Hence, using the latter estimate for the flux of comets, our results are overestimated by one order of magnitude.
If the inner Oort Cloud is included, then the flux of comets beyond q lc . 15 au is much higher. If the orbits of comets in the Oort Cloud have been thermalized by stellar encounters and by galactic influence, then the velocity vectors of comets are randomly oriented in the Oort Cloud. Using this assumption, Bailey & Stagg (1990) concluded that the ratio of the fluxes of comets in the outer and inner regions of the Solar system is of the order of ða min /a t Þ g27=2 , where g ¼ 2a þ 2, a min is the lower limit in the inner Oort Cloud and a t is the limiting value between the inner and outer regions of the Oort Cloud. If a ¼ 1:5, a min ¼ 3000 au and a t ¼ 30 000 au then the flux in the Uranus -Neptune region is 1000 times higher than in the Jupiter -Saturn region. Thus the total flux in the interval 0 , q , 31 au is hundreds of times higher than in the case when the flux is uniform. These are listed in Table 1 . Table 2 shows the expected number of comets in the present JF and HT populations for comets with H 10 , 7. The total observed numbers of comets according to the Marsden & Williams (1999) catalogue are 28 comets with orbital period 20 , P , 200 yr and 183 comets that have P , 20 yr. With the limit H 10 , 7, however, the observed numbers are much smaller. With the extrapolation using a common power-law slope for all comet families, there are , 20 HT comets and a few JF comets (Hughes 1988 ). The numbers of HT comets with H 10 , 7 in the simulation runs 2 and 6 are in good agreement with the observed population of about 20 comets extrapolated to the magnitude limit H 10 , 7 (Hughes 1988) . Also the 2 -4 observed JF comets extrapolated to the same magnitude limit agree with the simulations. However, as there are only a few observed JF comets with H 10 , 7, the number of JF comets may be overestimated. Therefore we also made simulations using comets that had 2 , H 10 , 10:5. Thus fainter comets were also included and the expected number of JF comets should increase considerably. The expected number of comets in the simulation was 10 JF comets with H 10 , 10:5 and 40 HT comets after we have considered that the flux of 'new' comets is 25 times higher for comets with H 10 , 10:5. Note that the number of captured comets is not 25 times higher since most of the comets are now very faint and the probability of observing them is much smaller than if H 10 , 7. The observed number of JF comets for this limit is 40 -80 comets. This discrepancy then means that actually a small fraction of JF comets could be captured from the classical Oort Cloud to the population of observed JF comets, but HT comets very probably originate in this region. As there are several uncertain factors related to initial conditions and to the flux of 'new' comets in the outer Solar system, in our study the only possibility of capturing JF comets without resulting in unsolvable problems is if the JF comets arrive mainly from the disc of comets concentrated in the ecliptic plane. This may be the Kuiper Belt, the extended disc of comets or the combination of both, as suggested by Levison & Duncan (1997) .
D I S C U S S I O N A N D C O N C L U S I O N S
The results obtained in this paper agree well with the results of Emel'yanenko & Bailey (1998) when HT comets are considered. In this study we have increased the sample of calculated comet orbits considerably, and this has allowed us to study also the capture of JF comets from the Oort Cloud flux. Emel'yanenko & Bailey (1998) found that JF comets are captured fairly uniformly from all perihelion distances. In our study the comets are clearly captured mainly from the Jupiter-Saturn region when the q-distribution is considered uniform. This discrepancy may be due to the much smaller number of orbits and the resulting poor statistics in the study of Emel'yanenko & Bailey (1998) .
If Wiegert & Tremaine's (1999) fading model is applied, then in addition to the classical Oort Cloud there should be an additional source of comets: either an extended disc of comets or an inner Oort Cloud. Otherwise the inclination distribution for HT comets differs from the observed distribution.
The principal conclusions of this study are as follows.
(i) The galactic perturbations are not statistically very important after the orbit of the comet crosses the planetary orbit when the uniform q-distribution is considered. This is due to the fact that Jupiter and Saturn are the main perturbers in the orbits of captured comets, and compared with their influence the galactic perturbations are small.
(ii) Although the total probability for an Oort Cloud comet to split because of the tidal influence of the planets is considerable, the contribution of the tidally split comets to the captured populations of SP comets is rather small, and the inclination distributions are not affected by tidal splittings of comets.
(iii) The probability of capturing an Oort Cloud comet to HT orbits from the uniform q-distribution is several times higher than that of JF comets. The hypothetical inner Oort Cloud increases the total number of captured SP comets considerably, but then the expected number of HT comets is too high, unless the fading of comets is very fast, since the flux of comets to the outer region is much higher than the flux to the inner region. Therefore the inner Oort Cloud cannot be very dense and the flux of comets from the inner Oort Cloud cannot be very high.
(iv) The observed inclination, perihelion distance and Tisserand value distributions of HT comets can be explained if these comets are captured from the steady-state Oort Cloud flux of comets. The number of captured HT comets is close to the observed value when we assume a specific fading law of comets. However, if the spherically symmetric model for the inner Oort Cloud is considered, distributions differ from the observed distributions of HT comets. This is another reason why the JF comets cannot originate in the inner Oort Cloud.
(v) The distributions of inclination and Tisserand value of captured JF comets are not compatible with the observed distributions in all the models that include the spherically distributed source region. Hence the source region of JF comets must be close to the ecliptic plane.
(vi) The only model that can explain both the observed number of JF comets and their inclination distribution without producing too many HT comets is that with the disc of comets close to the ecliptic plane.
It is very likely that HT comets are captured from the LP comets and have their origin in the Oort Cloud. However, the JF comets may arise from the Oort Cloud population only if an extended disc of comets is assumed inside the inner region of the Oort Cloud. More detailed study of the formation of the extended disc is needed to verify or reject this possibility for the origin of JF comets. This could be done by carrying out extensive integrations where the particles are scattered out from the outer planetary region by Uranus and Neptune. Already the results by Levison & Duncan (1997) suggest that this kind of heavily populated extended disc of comets may exist.
